Cancer stem cell (CSC) theory states that tumors are organized in a similar hierarchical manner as normal tissues, with a sub-population of tumorigenic stem-like cells that generate the more differentiated nontumorigenic tumor cells. CSCs are chemoresistant and seem to be responsible for tumor recurrence and formation of metastases. Therefore, the study of these cells may lead to crucial advances in the understanding of tumor biology as well as to innovative and more effective therapies. Lung cancer represents the leading cause of cancer-related mortality worldwide. Despite improvements in medical and surgical management, patient survival rates remain stable at B15%, calling for innovative strategies that may contribute to improve patient outcome. The discovery of lung CSCs and the possibility to characterize their biological properties may provide powerful translational tools to improve the clinical outcome of patients with lung cancer. In this report, we review what is known about lung CSCs and discuss the diagnostic, prognostic and therapeutic prospective of these findings. Oncogene (2010) 29, 4625-4635; doi:10.1038 /onc.2010 ; published online 7 June 2010 Keywords: lung cancer; cancer stem cells; therapy; stem cells
Cancer stem cells
Tumor cells display a broad spectrum of functional and morphological heterogeneity. Even cells of a single tumor lesion vary in their differentiation level, proliferation capacity and tumorigenicity. This phenomenon could be explained by the presence of 'cancer stem cells' (CSCs) (Reya et al., 2001; Wang and Dick, 2005; Clarke et al., 2006) as the driving force of tumorigenesis. The CSC model implies a hierarchical organization within the tumor in which a limited number of CSCs represents the apex of the hierarchy. Similar to normal stem cells, CSCs have the ability to self-renew and undergo asymmetric divisions, thereby giving rise to a differentiated progeny that represents most of the tumor population. These key features enable CSCs to initiate tumors and promote cancer progression.
The first direct experimental evidence supporting the idea of CSC-driven tumorigenesis came from acute myeloid leukemia (Lapidot et al., 1994) , the initiating cells of which have a phenotype (that is, CD34 þ ; CD38 À ) similar to normal hematopoietic stem cells (Bonnet and Dick, 1997) . Despite some technical limitations, a growing number of reports support the existence of CSCs in solid tumors. Specific biomarkers for detection and isolation of CSCs have been suggested for all major tumor types, including lung cancer (Eramo et al., 2008; Visvader and Lindeman, 2008) .
Besides the expression of surface proteins, CSCs may also share functional features with tissue stem cells, such as their ability to actively exclude the dye Hoechst 33342, which defines them as side-population (SP) cells in flow cytometric assays (Storms et al., 1999) and high aldehyde dehydrogenase (ALDH) activity (Ginestier et al., 2007) .
In parallel to the growing number of potential surface markers, it is getting evident that the known markers are not always ideal to sort for the CSC population. A good example is the expression of CD133, which was initially reported to be a reliable marker for glioblastoma and medulloblastoma CSCs (Singh et al., 2003 (Singh et al., , 2004 . However, independent studies have shown that CD133-negative glioblastoma cells can also establish a tumor in recipient mice with similar efficiencies compared with CD133 þ cells (Beier et al., 2007) and that CD133 is highly expressed on nontransformed neural progenitor cells (Lee et al., 2005) . In line with tumor heterogeneity, the phenotype of CSCs is not uniform, even when they originate from the same tumor subtype. This is underlined by studies using colorectal carcinoma as the model system. We along with others found that colorectal CSCs are enriched in the CD133 þ sub-population (O'Brien et al., 2007; Ricci-Vitiani et al., 2007; Todaro et al., 2007) , whereas Dalerba et al. (2007) reported an enrichment of CSCs in the EpCAM hi , CD44
hi subpopulation of colon cancer cells. The picture is further complicated by a recent study showing that colorectal CSCs are highly enriched in the ALDH-positive cell population. In this report, the tumorigenicity of ALDHpositive cells is only modestly increased using CD133 and CD44 expression as a second marker for a more stringent selection (Huang et al., 2009) . On the other hand, a combination of markers may be required to isolate a highly enriched breast CSC population. Breast CSCs are reported to be enriched in both CD44 þ CD24
À/low (Al-Hajj et al., 2003) and ALDH-positive subfractions. Although the overlap of the two populations was surprisingly low (0, 1-1.2%), cells displaying the combined phenotype turned out to be highly tumorigenic when transplanted into a recipient mouse (Ginestier et al., 2007) . The marked heterogeneity within CSC sub-populations underlines the necessity to find more specific single markers, or to define new marker combinations for the prospective isolation of CSCs in solid tumors. Recently developed transgenic mouse models provided more hints about the potential identity of the CSC population in colon and lung cancer. Targeted oncogenic transformation of adult stem or progenitor cells led to the formation of colon adenomas (Barker et al., 2009; Zhu et al., 2009) or lung adenocarcinomas (ACs) (Kim et al., 2005) . Although these results underline the pivotal role of stem/progenitor cells in carcinogenesis, the term 'cancer stem cell' does not imply that tumorigenic cells necessarily have to derive from tissue stem cells. It is also likely that CSCs develop from more restricted progenitor cells that receive reprogramming 'hits', and thereby regain the stem cell trait of unlimited self-renewal capacity (Clarke et al., 2006) . Although there is substantial evidence for CSC relevance in human carcinomas, many issues need to be considered, as deeply discussed in a recent review (Visvader and Lindeman, 2008) . First of all, the best functional in vivo assay for CSCs is their ability to recapitulate the patient tumor in animal models. However, animal models do not entirely mimic the human tumor microenvironment and poorly tumorigenic CSCs may be inadvertently selected during xenotransplantation. Besides the issue of species specificity, tissue specificity also has to be considered for in vivo transplantation of CSCs. Therefore, orthotopic tumors may better reproduce the CSC niche, especially when the human microenvironment is mimicked by the use of humanized supports or patient-derived accessory cells, such as fibroblasts or mesenchymal stem cells (Kuperwasser et al., 2004) . The impact of the microenvironment on tumor growth is underlined by the fact that subcutaneous implantation of CSCs results in less efficient engraftment than brain or renal capsule injection for gliomas or colorectal CSCs, respectively. Finally, the presence of residual immune effector cells in recipient mice may also influence the efficiency of human cell engraftment in NOD/SCID mice, whereas NOD/SCIDIL2Rg null mice, recently introduced for CSC transplantation, represent a more permissive environment (Shultz et al., 2005) . On the other hand, it is also true that immune cells have a role in the progression of human tumors. These limitations of mouse models should be kept in mind when CSC behavior, frequency in tumors, growth requirements or other properties linked to niche interaction are investigated. Moreover, until now, no complete agreement regarding CSC frequency or phenotype has been reached. However, although some controversies about CSCs in solid tumors have been raised, their biological relevance and the immense therapeutic potential of their targeting are not seriously questioned (Hill, 2006; Visvader and Lindeman, 2008; Zhou et al., 2009 ).
Lung cancer
Lung cancer is the most common cause of cancer-related mortality worldwide, with >160 000 deaths in the United States in 2008 and a poor 5-year survival rate, which remains stable at 15% (Jemal et al., 2008) . It has been estimated that 9 out of 10 lung cancer cases are directly caused by smoking. Other risk factors for lung cancer are exposure to asbestos and, to a lesser extent, to radon, arsenic, chromium, nickel, vinyl chloride and ionizing radiation or some preexisting nonmalignant lung diseases (Dubey and Powell, 2009) . Different known or unknown etiologies might account for the occurrence of different forms of lung cancer, the heterogeneity of which has critical diagnostic, prognostic and therapeutic implications (Borczuk et al., 2009) . To facilitate treatment and prognostic decisions, lung cancer has been categorized into small cell lung carcinoma (SCLC) and non-SCLC (NSCLC). NSCLC can be further distinguished into three major histological classes: AC, squamous cell carcinoma and large cell carcinoma (Collins et al., 2007) . SCLC accounts for B20% of the pulmonary tumors. Despite a generally good initial response to chemotherapy, it has a particularly poor prognosis, because of early extra thoracic dissemination and frequent disease relapse. SCLC predominately localizes to midlevel bronchioles and displays neuroendocrine differentiation, suggesting that transformed pulmonary neuroendocrine cells might give rise to this form of lung cancer (Giangreco et al., 2007) . With B40% prevalence, adenocarcinoma (AC) is the most common form of NSCLC in both smokers and nonsmokers. It develops mostly from the junction between the terminal bronchiole and the alveolus, termed 'bronchoalveolar duct junction', and displays either airway or alveolar differentiation, or both (Giangreco et al., 2007) . Squamous cell carcinoma has a 25% prevalence rate and is highly associated with tobacco smoking. It arises in the proximal airways down to the second or third bifurcation and is rarely observed distally. Compared with other forms of NSCLCs, large cell carcinoma (10% prevalence) comprises a class of rather poorly differentiated and less aggressive tumors, the most frequent subtype of which is large cell neuroendocrine carcinoma (Giangreco et al., 2007) .
Analysis of the genetic alterations occurring in lung cancer has shown that histopathological differences are in line with genetic heterogeneity of the disease (Minna et al., 2002; Sekido et al., 2003) . Additional genetic differences have been found among the three main forms of NSCLCs (Minna et al., 2002; Sekido et al., 2003) . Consistent with the genetic heterogeneity, expression studies have not only unveiled profound differences between SCLC and NSCLC but also within different NSCLC subtypes (Bianchi et al., 2008) . However, until recently, all NSCLC lung cancer forms have been treated with similar approaches regardless of their biological differences (Minna et al., 2002; Collins et al., 2007; Tiseo et al., 2009) . Thus, it is likely that the poor lung cancer response rates may be due, at least in part, to a too homogeneous Tools and targets to fight lung cancer A Eramo et al treatment approach used in the past for a highly heterogeneous disease (Borczuk et al., 2009) . Only recently, lung cancer heterogeneity has started to gain therapeutic relevance, as documented by the attempt to propose preferential chemotherapeutic options for each tumor histotype (Tiseo et al., 2009) (Scagliotti et al., 2009 ). Besides histology-based approaches, ongoing efforts are underway to identify clinically relevant biological properties of lung tumors that will facilitate individualized therapy. In this direction, different expression profiles have also been found within the same tumor subtype, and could be correlated with patient survival (Bhattacharjee et al., 2001) . To define more personalized therapies, both genetic and proteomic signatures of different lung tumor subtypes have to be determined and correlated with tumor histotype, clinical outcome and treatment response. For instance, it has been found that, within ACs, KRAS mutations are more common in tumors from patients with tobacco exposure and are associated with worse prognosis and primary resistance to treatment. In contrast, tumors from nonsmokers are more frequently associated with molecular alterations involving the epidermal growth factor receptor and with longer overall survival (Pao et al., 2004; Janne et al., 2005; Riely et al., 2009) . From the therapeutic point of view, patients with epidermal growth factor receptor mutations display increased sensitivity to epidermal growth factor receptor inhibitors, whereas KRASbearing tumors are resistant (Pao et al., 2005) . Therefore, epidermal growth factor receptor and KRAS mutations define two distinct populations of NSCLC patients with different natural histories and responses to targeted therapy (Bianchi et al., 2008; Lantuejoul et al., 2009; Riely et al., 2009) . These evidences strongly suggest that a deep knowledge of each patient tumor can predict treatment response and improve patient outcome, calling for a strong effort toward personalized therapy. In the attempt to improve lung cancer patient outcome, CSC research might have a central role not only in the search for new anticancer drugs but also in the diagnosis and monitoring of the therapeutic success as discussed later. However, the relative low frequency of CSCs in tumors may complicate their investigation. For instance, the current methodology for molecular profiling of tumors does not analyze cell sub-populations and may provide misleading results because the signal related to CSC gene expression is extremely diluted.
Adult progenitor cells of the lung
CSCs share a number of features with normal tissue stem or progenitor cells, regardless of whether they originate directly from stem cells gaining tumorigenic hits or by reprogramming of more differentiated cells. In adult organisms, tissue homeostasis is maintained by stem and progenitor cells that have the ability to divide throughout life and replace dying or damaged cells. Stem cell populations have been well characterized in several organs with a high rate of homeostatic proliferation, such as the hematopoietic system, skin, gut and hair follicle (Blau et al., 2001; Barker et al., 2008; Fuchs, 2009 ). A classical model of a 'stem cell hierarchy' is well established for the maintenance of the hematopoietic system (Orkin and Zon, 2002; Iwasaki and Akashi, 2007) and the small intestine (Barker et al., 2008; Fuchs, 2009 ).
In organs with slow turnover rates, such as the lung, liver and pancreas, the terminology developed to define the 'hierarchical stem cell' model of rapid renewing tissues has to be refined. Cellular turnover in the adult lung tissue is very slow when compared with the small intestine (Blenkinsopp, 1967; Barker et al., 2008; Rawlins, 2008) , and only extreme conditions such as pollutant-or pathogen-induced injuries lead to a massive lung cell proliferation. During organ regeneration, lung cells which usually fulfil differentiated functions in the normal tissue actively start to proliferate and act as progenitor cells that can give rise to several cell types (Stripp and Reynolds, 2008) . In a popular lung injury model, mice are treated with naphthalene, which leads to the ablation of Clara cells (Mahvi et al., 1977) . Cell proliferation starts 48-72 h after injury and the epithelium is completely regenerated after 2-4 weeks (Stripp et al., 1995; Van Winkle et al., 1995) . The mechanism of how the Clara cell population is regenerated depends on the region of the lung (see Figure 1 ). In the trachea and bronchi, cytokeratin 14-positive cells are most probably basal cells that can act as self-renewing progenitors and give rise to Clara-like and ciliated cells (Hong et al., 2004a, b) . In the more distal regions of the lung, naphthalene-resistant Clara cells start to proliferate and regenerate the damaged tissue. These rare 'variant' Clara cells (Clara V ), accumulate in specialized stem cell niches close to the neuroendocrine bodies and at the bronchoalveolar duct junctions (Reynolds et al., 2000; Giangreco et al., 2002) . Upon injury, a subset of Clara V cells found in the bronchoalveolar duct junctions show a unique expression pattern comprising both Clara and alveolar cell proteins (CCSP and SP-C) in combination with CD34 and Sca-1, two common stem cell markers. These cells were named bronchoalveolar stem cells (BASCs), as they have a substantial clonogenic survival capacity, are able to self-renew and can give rise to Clara and alveolar cells in vitro (Kim et al., 2005) . In this report, we will refer to CCSP/SP-C positive cells as BASCs, although the ability of these cells to self-renew and give rise to different lineages in vivo has not been formally proven, and recent cell-tracing experiments have suggested that BASCs contribute to the maintenance and repair of the proximal airways, but not of the alveolar epithelium (Giangreco et al., 2009; Rawlins et al., 2009) . However, even though their exact function in maintenance and repair of the lung is not properly understood yet, there is growing evidence that adenomas and ACs arise from transformed BASCs, at least in mouse models.
Potential lung cancer-initiating cells in the mouse
Although the identity of tissue stem cells in the lung is controversial, BASCs drive the tumorigenic process in Tools and targets to fight lung cancer A Eramo et al several mouse models of lung ACs. As described before, KRAS is mutated in a substantial number of NSCLCs. Therefore, transgenic mice expressing oncogenic variants of KRAS (such as KRAS(G12D)) represent important animal models for lung cancer, especially ACs. Several lines of evidence point toward the importance of BASCs for the induction of KRAS(G12D)-induced ACs: (1) It was shown that the number of BASCs was expanded in AC precursors of mice expressing an inducible form of KRAS(G12D) (Jackson et al., 2001; Kim et al., 2005) . (2) Isolated transgenic BASCs displayed enhanced in vitro proliferation capacity when compared with more differentiated cells of the same tissue. (3) When the number of BASCs were elevated by naphthalene injury before the induction of the transgene, tumor growth was strongly enhanced compared with control animals (Jackson et al., 2001; Kim et al., 2005) . Such results suggest that these progenitor cells have a key role in the onset of KRAS-induced lung cancer. In line with these experiments, it was shown that inducible p38 knockout mice were more susceptible to KRAS-induced formation of ACs. p38 supports the differentiation and suppresses the proliferation of BASCs, which accumulated in the lungs of p38-deficient mice even without the ectopic expression of mutated KRAS (Ventura et al., 2007) . This accumulation could explain the higher susceptibility of KRAS-transgenic/p38-deficient mice for lung ACs when compared with p38-proficient mice. BASCs also have an important role in other tumor model systems. For example, mice knocked in for an oncogenic form of p27 KIP (p27 CKÀ ) displayed a high incidence of spontaneous hyperplastic lesions in several tissues, including the retina, pituitary gland, ovary, adrenal gland, spleen and lung. When compared with wild-type mice, these mice had an abnormal high number of BASCs in terminal bronchioles and eventually developed AC (Besson et al., 2007) . Moreover, in a mouse 
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A Eramo et al model in which PTEN (phosphatase and tensin homolog) can be deleted in SP-C-expressing cells, the number of BASCs and SP cells was significantly increased. Almost all mice in whom PTEN was deleted spontaneously developed lung cancer and, strikingly, like in the human system, KRAS was mutated in 30% of ACs (Yanagi et al., 2007) . In summary, these reports suggest an important role for BASCs in the early steps of lung tumorigenesis. There is a similar behavior between normal lung stem cells in injured tissues and transformed BASCs in tumors. After lung injury, normal lung stem cells survive and proliferate while giving rise to specialized cells that repair the damaged tissues. This process is induced by external stimuli but strictly regulated within the stem cell niche, which guarantees that stem cell expansion occurs only if required. In contrast, the expansion of transformed CSCs during lung tumorigenesis appears rather unrestrained, and poorly regulated by signals coming from the niche. However, it still has to be proven whether transformed BASC-like cells also fulfill all criteria of being CSCs, as there is no evidence of a sub-population with the BASC phenotype able to establish a histophenocopy of the initial tumor in secondary and tertiary hosts.
Human lung CSCs
Following the growing enthusiasm for the CSC model in solid tumors and the new insights into the biology of normal cells and CSCs in the mouse airway, research interest has recently started to rise for stem cells in human lung cancer. Tumorigenic human lung cancer cells have been isolated using different approaches from both cell lines and primary tumors (see Table 1 ). The first approach was based on the SP phenotype (low Hoechst 33342 staining pattern) of stem cells. SP lung cancer cells isolated from H460, H23, HTB-58, A549, H441 and H2170 cell lines, displayed increased invasiveness, higher resistance to chemotherapeutic drugs and were more tumorigenic in vivo when compared with non-SP cells (Ho et al., 2007) . On the basis of the widely accepted hypothesis that CSCs of different origins are endowed with increased drug resistance, the second approach used to enrich human lung CSCs from cell lines was based on their inherent resistance to cisplatin, doxorubicin or etoposide treatment. Drug-surviving cells exhibited several CSC features, such as high clonogenic capacity, enrichment in SP cells, expression of embryonic stem cell markers, capacity for self-renewal and generation of differentiated progeny and high tumorigenicity (Levina et al., 2008) . The third approach leading to the isolation of lung CSCs was based on increased ALDH activity previously shown in stem cell populations of several human cancers. ALDH-positive cells isolated from lung cancer cell lines displayed features of CSCs both in vitro (invasive properties, expression of stem cell markers) and in vivo (ability to generate tumors) . The first isolation and expansion of lung CSCs from primary patient tumors was reported by our group (Eramo et al., 2008) . In our study, human lung CSCs were isolated on the basis of their ability to survive under serum-free conditions and proliferate as cellular Abbreviations: CSC, cancer stem cell; SP, side population. List of the current reports about isolation and characterization of lung CSCs. For each study, the source of lung CSCs (that is, cell lines or primary patient tumors), the stem cell property exploited for their isolation, physiological characteristics of the isolated cells and CSC-related antigen expression are indicated.
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clusters known as 'tumor spheres'. This experimental strategy represents the best approach so far to obtain the unlimited expansion of the tumorigenic lung cancer cell population from primary patients, providing a powerful tool to allow extensive studies on these cells. Owing to the low frequency of lung CSCs within primary tumor tissues, extensive investigation on these cells would not be possible in the absence of their in vitro expansion. On the basis of our approach, high numbers of lung CSCs could be generated and extensively characterized. Spheres from the major subtypes of lung cancer (such as SCLC, AC, squamous cell carcinoma and large cell carcinoma) were found to possess CSC properties, both in vitro (expression of the CSC marker CD133, unlimited proliferative potential, extended selfrenewal and differentiation ability) and in vivo (high tumorigenic potential, capacity to recapitulate tumor heterogeneity and mimic the histology of the specific tumor subtype from which CSCs were derived). In addition, lung cancer 'spheres' were extremely resistant to most conventional drugs currently used to treat lung cancer patients, calling for an intense effort in testing both conventional and innovative drugs on the tumorigenic lung cancer cell population. This tumor cell population was also characterized by the expression of embryonic genes, such as Oct-4 and nanog, thus confirming the undifferentiated phenotype of isolated cancer cells. Oct-4 expression was also recently reported to characterize CD133-positive tumor cells in freshly isolated tumors, and to be essential in maintaining the stem-like properties of isolated cells, such as invasion and self-renewal (Chen et al., 2008) . Recently, the relevance of CD133-positive cells in tumorigenicity and chemoresistance of lung cancer has been further confirmed (Bertolini et al., 2009) . CD133 þ cells isolated from primary tumors displayed increased tumorigenicity and expression of stemness, adhesion, motility and drug efflux genes in comparison with the corresponding CD133 À tumor cells. In addition, CD133 þ cells survived cisplatin treatment after in vitro drug exposure of the A549 cell line or in primary tumor-derived mouse xenograft after cisplatin administration. Importantly, the expression of CD133 in tumors was linked to shorter progression-free survival of NSCLC patients treated with platinum-based regimens, thus providing the first evidence of the relevance of CD133 þ tumor-initiating cells for prediction of chemoresponse and prognosis of lung cancer patients. Although these and other encouraging results are starting to clarify different aspects of lung CSCs, further investigation is still required to obtain a deep elucidation on the biology of these important cells.
CSCs and their possible implications for the development of innovative cancer treatments
Advances in CSC research might help to establish successful therapies against leukemia and solid tumors. Conventional antineoplastic agents used to fight cancer mainly hit the malignant cells by two different mechanisms. One class of conventional chemotherapeutic drugs induces DNA damage, whereas the second drug impairs mitosis or DNA replication. Unfortunately, this therapeutic combination can only prolong the patient's survival for a few months. One reason for this poor medical outcome might be the presence of drug-and radiation-resistant CSCs. There are several indications for the higher resistance of CSCs to conventional chemotherapy or radiotherapy in vivo. In tumor biopsies from breast cancer patients treated with conventional chemotherapy, a higher frequency of potential CSCs (CD24 low /CD44 þ ) was detected when compared with pretreatment biopsies (Yu et al., 2007; Li et al., 2008; Creighton et al., 2009) . Similar results were obtained in mouse xenograft models of glioblastoma and colorectal cancer (Bao et al., 2006; Dylla et al., 2008) . We previously reported that lung CSCs isolated from primary tumors also display high resistance to standard chemotherapy in vitro (Eramo et al., 2008) , suggesting that these cells exhibit highly efficient intrinsic resistance mechanisms. Moreover, lung cancer mouse xenografts treated with cisplatin regimens in vivo showed enrichment of specific sub-populations with stem cell pheno-
The combinations of slow cell-cycle progression and efficient DNA repair machinery are potential resistance mechanisms of CSCs. In contrast to the majority of tumor progenitors and precursors, CSCs showed increased quiescence in vivo and in vitro, suggesting poor responses to conventional treatments, which primarily kill proliferating cells (Holyoake et al., 1999; Guan et al., 2003; Ishikawa et al., 2007; Cicalese et al., 2009 ). In addition, it has been reported that glioblastoma stem cells exhibit active DNA repair mechanisms, which allow them to recognize and repair radiation-induced DNA damage efficiently (Bao et al., 2006) . The accumulating evidence that the CSC sub-population of tumor cells is resistant to conventional anticancer therapy can explain the frequent relapse after a good initial response to chemotherapy was observed in patients (see Figure 2) . For this reason, innovative therapeutic approaches to kill or disarm CSCs might be the key to cure solid cancers. Targeted treatment of CSCs is an ambitious approach, as they most probably represent a heterogeneous population of cells with different sensitivities to chemotherapeutic drugs that have to be combined to achieve full antitumor effects. In contrast to the induction of apoptosis in the majority of tumor cells observed with conventional chemotherapeutic agents, targeted elimination of CSCs might lead to slow but sustainable tumor eradication. This implicates that most preclinical xenograft models used to test the efficacy of chemical compounds or biomolecules have to be modified. These adjustments include not only longer observation periods but also a faithful analysis of treated tumors for cells expressing potential CSC markers at intermediate end points. Monitoring druginduced alterations in the CSC compartment might be a useful indicator for general anticancer efficacy of the Tools and targets to fight lung cancer A Eramo et al compound. As CSCs share several resistance mechanisms with normal tissue stem cells, there is a high risk to hit normal stem cells by a targeted anti-CSC therapy with disastrous consequences for the patient. Therefore, it is important to design new therapeutic approaches to selectively hit CSC-specific pathways, while sparing normal stem cells. So far, a number of preclinical studies have been performed using different strategies to target CSCs. These include the specific elimination of CSCs with selective targeting (Schatton et al., 2009) or sensitization of CSCs to conventional chemotherapy and differentiation therapies. In some of these innovative therapeutic approaches, antibodies were used to neutralize autocrine signaling mediators important for CSC growth and chemoresistance, such as CD123 (interleukin-3 receptor) in acute myeloid leukemia (Jin et al., 2009) and interleukin-4 in colorectal cancer . Other antibodies interfere with the communication of CSCs with noncancerous tissue, and thereby prevent CSC localization in their niche (Jin et al., 2006; Yang et al., 2008) . Similarly, inhibitors blocking CXCR4 impair the interaction of acute myeloid leukemia stem cells with the microenvironment in the bone marrow, with a consequent sensitization to targeted therapy (Zeng et al., 2009) . In a glioblastoma model, it was shown that endothelial cells promote the propagation of glioblastoma stem cells. Subsequently, antiangiogenic therapy using vascular endothelial growth factor inhibitors depleted not only tumor vascularization but also ablated CSCs in the xenograft (Calabrese et al., 2007) . Another approach for innovative therapy is the targeted inhibition of important signal transduction pathways and transcription factors highly active in CSCs, including embryonic pathways. Pharmacological inhibition of the hedgehog pathway reduced the growth of lung tumor cells in xenograft models, suggesting an important role of this pathway in lung CSCs also (Watkins et al., 2003) . A recent study showed that knock down of the transcription factor Oct-4 led to apoptosis of a CSC-like population of lung cancer cells (Hu et al., 2008) . This finding is of particular interest as Oct-4 is expressed in potential human lung progenitor cells that display some characteristics of murine BASCs (Ling et al., 2006; Chen et al., 2007) .
CSCs can divide asymmetrically and give rise to more differentiated progeny that lose the ability to divide indefinitely. Differentiation therapy aims at converting tumorigenic CSCs in their nontumorigenic progeny. It was shown that treatment with bone morphogenic protein 4 reduced the tumor-initiating cell pool in a glioma model and markedly slowed down tumor growth in vivo without toxic side effects (Piccirillo et al., 2006) . Gupta et al. (2009) demonstrated that immortalized human mammary epithelial cells underwent epithelialmesenchymal transition, acquired tumorigenicity, gained the ability to grow as mammospheres and acquired the expression of CSC marker proteins when the expression of E-cadherin was knocked down with short hairpin RNA. These cells were used for high-content screenings and identified compounds selectively abolishing the CD44 þ / CD24 low cell population in vitro, leading to a marked reduction in tumorigenicity of pretreated cell lines in vivo.
Other experimental strategies can overcome the need to genetically modify cells to achieve sufficient numbers of CSC-like cells for in vitro assays. For several tumors, it is possible to propagate primary cancer cells in spheroid cultures (Reynolds and Weiss, 1992) , which may allow extensive CSC characterization in vitro. These cultures contain defined growth factors supporting the proliferation of undifferentiated stem-like cells endowed with high clonogenic capacity and the ability to generate tumor xenografts recapitulating the initial tumor (Singh et al., 2004; Ricci-Vitiani et al., 2007 . Recently, Pollard et al. described a cultivation method for primary glioblastoma cells using laminincoated flasks and a similar medium used for spheroid cultures. Under these conditions, the cells adhere but maintain a CSC-like character (Pollard et al., 2009 ). However, these approaches also harbor a number of technical difficulties. At present, CSC spheres from epithelial tumors are difficult to establish, particularly in the case of lung cancer. Thus, the use of CSC spheroids from primary tumors may be limited to a few specialized laboratories. Another potential limitation is that an average of 15-20% of cells in tumor spheres are CSCs (Eramo et al., 2008) . As elegantly shown in mouse breast cancer, the rate of symmetric divisions depends on the genomic alterations present in tumors. Thus, although a normal sphere may contain as low as one stem cell, the percentage of CSCs in tumor spheres may be very variables (Cicalese et al., 2009; Pece et al., 2010) . Despite all of these limitations, CSC cultures represent an interesting in vitro model system for systematic highcontent drug-screening approaches aiming to find new compounds targeting CSCs and their direct progeny.
Lung CSCs: implications for diagnosis, prognosis and monitoring of therapeutic response
As discussed in the previous paragraph, lung CSC research may provide a relevant contribution to the establishment of innovative tumor eradicating therapies. Besides therapy, knowledge derived from the CSC field of investigation is going to lead to crucial advances in lung cancer diagnosis, prognosis and monitoring of patient response to treatment. On the basis of the assumption that CSCs are more aggressive than the bulk tumor cell population, tumor malignancy may be related to the grade of cell differentiation and to the abundance of the CSC fraction within the bulk tumor cells. The possibility to isolate, expand and characterize CSCs from different tissues has enabled the identification of CSC-associated antigens and consequently the immunodetection of tumorigenic cells within patient tumors. The estimation of CSC frequency in the tumor mass may be used as a diagnostic tool to define tumor grade and staging more precisely. Recent studies have highlighted the growing interest in the exploitation of lung CSC knowledge for the improvement of lung cancer diagnosis. It has been reported that the expression of CSC-associated markers ALDH1 or Sox2 positively correlated with higher stage and grade in different lung tumors Sholl et al., 2009) . Additional CSC-associated markers, embryonic genes or combinations of multiple markers might be relevant to generate more informative lung cancer diagnoses. Highly descriptive, CSC-considering diagnoses might be the starting point for improved and more tailored lung cancer treatments as the therapeutic choice has to be strictly linked to the type and stage of the tumor. It is noteworthy that a correct and detailed diagnosis is relevant to define tumor stage also to predict the chance of metastatic dissemination of tumors. In this context, the so-called circulating tumor cells can be of high importance. Circulating tumor cells are cancer cells that are detectable in patient blood and indicative of tumor dissemination potential (Pantel et al., 2009 ). An early spread of tumor cells is usually undetected by current imaging technologies in patients with cancer. Therefore, different detection approaches are currently being set up as early metastasis-sensitive methods. These methods rely on the immunological, cytometrical or molecular detection of circulating tumor cells (Pantel et al., 2009) . Each type of tumor cell may be 'circulating'. However, it is likely that only a restricted fraction of them may migrate through the blood stream, colonize other tissues and initiate a new tumor mass in another location, thereby giving rise to metastatic lesions. As shown for breast cancer, these cells are now largely believed to be compatible with CSCs (Ross and Slodkowska, 2009; Theodoropoulos et al., 2009) . These findings confer key relevance to CSCs also in the topic of circulating tumor cells and in the differential diagnosis of localized or premetastatic disease. Therefore, circulating CSCs might be used as prognostic tools, representing predictors of tumor progression. (Aktas et al., 2009) . The investigation on CSC-related factors linked to patient prognosis and also predictive of patient response to treatments will be crucial for the choice of alternative therapeutic options. Several publications suggest that CSC-related antigen expressions in the tumor mass represent relevant prognostic indicators in various cancers (Maeda et al., 2008; Pallini et al., 2008; Song et al., 2008; Zeppernick et al., 2008) .
In pulmonary tumors, higher ALDH1 expression was linked to poor prognosis in patients with early-stage lung cancer . When treatment has started, several biomarkers are used to determine the effect of the therapeutic regimen on both, tumor and patient at early time points, so that ineffective or highly toxic approaches may be rapidly substituted with a second-line therapy. At the end of treatment, specific biomarkers are currently used to monitor over time disease regression, progression or relapse.
Current biomarkers to monitor treatment response are the abundance of tumor-derived cells in patient blood or plasma levels of tumor-derived proteins, such as prostate-specific antigen for prostate cancer, CA19.9 for gastric cancer, CA125 for ovarian cancer or CEA and cytokeratins for other tumors, including lung cancer (Pantel et al., 2009) . As tumor relapse depends on the presence of tumorigenic cells, a careful monitoring of tumor response to treatments should include the detection of CSC-related biomarkers. In fact, treatment of a tumor with conventional anticancer drugs might result in partial reduction of the tumor mass, representing an indicator of good response using the current standards of tumor monitoring. However, as the drug might preferentially kill the differentiated cells, it is likely that the CSC frequency would not be reduced within the tumor, but rather increased (Bao et al., 2006; Ishikawa et al., 2007) . Thus, the evaluation of CSCbased biomarkers seems crucial to dissect among transient tumor-debulking activity and long-lasting tumor-eradicating treatments.
Conclusions
Despite the development of targeted therapies, clinical oncologists have experienced a limited improvement in the prognosis of lung cancer patients. It is likely that an improvement in lung cancer patient outcome may require the introduction of more effective innovative agents with increased activity against drug-resistant tumorigenic lung CSCs. We envision that future investigations on CSCs routinely isolated from cancer patients would pave the way to innovative knowledge, leading in turn to novel approaches to fight lung cancer. This may result in considerable changes into the clinical practice, which will require a more intense role of molecular pathologists to provide information for more effective and less destructive personalized therapies.
Conflict of interest
The authors declare no conflict of interest.
